I N T RO D U C T I O N
Electrical resistivity soundings are used in exploration geophysics because resistivity of rocks is sensitive to the presence of natural elements relevant for industrial and research purpose: clay minerals, sulphides and metal oxides, molten magma and water of varying quantity, salinity and temperature. Discriminating the influence of these different components is challenging because of the heterogeneity of the conductive media and the wide range of conductivities of each of its component. We address here the particular contribution of expandable minerals (subcategory of clay minerals, e.g. smectite) to the electrical signature of the investigated area. Expandable minerals are abundant in volcanic geothermal systems (Meunier 2005) , in subduction zones (Hyndman et al. 1997) and in some major faults (Chester et al. 2013) . In volcanic systems, expandable minerals precipitate readily in permeable horizons during the circulation of hydrothermal fluids (Beaufort et al. 1995; Patrier et al. 1996) . They are therefore amongst the first alteration minerals to precipitate from hydrothermal activity. At low temperature (80
• C-180 • C), these expandable minerals are thermodynamically stable and form a clay cap observed in geothermal systems, that can be mapped by electrical soundings (e.g. Árnason et al. 2000; Flóvenz et al. 2012) . Above 180
• C, the expandable minerals are progressively replaced by chlorite and other 'high-temperature' minerals (Kristmannsdóttir 1975) , if a thermodynamic equilibrium can be reached. The alteration mapping of an equilibrated geothermal system (Walker 1960; Kristmannsdóttir 1979; Alt et al. 1986 ) can be carried out by electrical soundings (Flóvenz et al. 1985; Hersir & Björnsson 1991; Árnason et al. 2010) , based on the lower electrical conductivity of chlorite (nonexpandable) compared to smectite (expandable) and the intermediate conductivity of mixed-layer clays . One of the current challenges in geothermal exploration is to distinguish between active and inactive sections of a geothermal system. Mapping the presence of smectite outside the clay cap would be a step forward to meet that challenge as smectite can indicate recent circulations of hydrothermal fluids (Beaufort et al. 1995) . However, this requires more understanding of the physical processes responsible for the unique conductive behaviour of smectite, related to its high cation exchange capacity (CEC), as shown by e.g. Flóvenz et al. (2005) and Revil et al. (2017a) . Electrical conductivity of rocks containing clay minerals has been extensively studied from a theoretical and experimental point of view. The pioneering study of Archie (1942) showed that electrical resistivity of sandstones depends on salinity of the pore fluid as well as on the quantity of pore fluid transporting electrical charges (usually lower than the total porosity). Electrical measurements on basaltic samples from Iceland were used by Flóvenz et al. (1985) to show that the temperature dependence of resistivity was different from what one would expect if only pore fluid was contributing, emphasizing the importance of clay contribution to the measured conductivity. The clay contribution was introduced by Hill & Milburn (1956) with a constant shaliness parameter. Following this idea, Rink & Schopper (1974) wrote the bulk conductivity as a linear function of the fluid conductivity with two constant parameters independent of the salinity: the 'formation factor' F accounting for the topology of the pore space and the 'surface conductivity' C s -also called 'interface conductivity' by Flóvenz et al. (1985) . In these studies, C s represents a contribution from the clays to conduction, which is much lower than the contribution of the pore fluid. Limits of the linear function had however been shown by Waxman & Smits (1968) , based on a large set of measurements on shaly sands and the use of linear-scale representation. Moreover, the possibility of electrical conduction along a pathway of connected clays in the rock matrix (not only along the interface clay-water) was mentioned by Vinegar & Waxman (1984) , based on the absence of charge accumulation beyond a certain clay content. However, such a model was not formulated, partly because sedimentary samples with high content of expandable clay minerals are not easily manipulated in the laboratory (Waxman & Thomas 1974) . Since altered igneous samples can have a high content of expandable clay minerals and yet be manipulated in the laboratory, the study of such samples can reveal the conduction processes for high smectite content. Our work is a step in that direction, following the work carried out by Flóvenz et al. (2005) and Kristinsdóttir et al. (2010) with Icelandic basaltic samples at different alteration stages.
Three types of properties have been measured in the laboratory on 88 Icelandic igneous basaltic core samples: chemistry (CEC), mineralogy (XRD) and petrophysical properties including porosity, grain density and electrical impedance measurements at six distinct pore water conductivities. We focus on the in-phase conductivity of these core samples, which is relevant when studying the role of smectite and other expandable minerals. The samples are from the well-studied Krafla high-temperature geothermal field, where cores are available in four boreholes, down to 700 m (Fig. 1 ). This field, where a geothermal powerplant is operated, is located within the caldera of the Krafla central volcano (Sigmundsson 2006) in northeast Iceland. The texture of our samples varies between fully glassy basalt (tuff, hyaloclastite) to highly crystalline basalt (intrusions). The smectite content varies up to 50 wt. per cent, which is more than twice as the maximum values found in previous studies [15 per cent in Waxman & Smits (1968) , 25 per cent in Flóvenz et al. (2005) and Revil et al. (2017a) ].
E L E C T R I C A L C O N D U C T I V I T Y O F H Y D RO T H E R M A L LY A LT E R E D RO C K S

Cation exchanges in clay minerals
Smectite and chlorite are two major alteration minerals in basalts, both belonging to the phyllosilicate (sheet silicates) family. Their cationexchange properties are, however, different. All minerals in the phyllosilicates family carry a permanent charge in the sheets, varying from 0 to 2 per Si 4 O 10 (half unit cell). Drawings of several sheet silicates are shown in Fig. 2 . This charge can be compensated in the intersheet 'interfoliar' space by hydrophilic cations (Na, Ca) or hydrophobic cations (K) or by a brucitic layer (polymer of Mg(OH) 6 ) in the case of chlorite (Ferrage et al. 2005) . Below 0.7 charges per Si 4 O 10 (smectite), weak Coulombic bondings allow the penetration of water with any cations, which in turn causes the structure to expand and allows cation exchanges. Around 0.7 charges per Si 4 O 10 (vermiculite) and beyond (illite, micas), cation exchange properties depend on the cation: hydrophilic cations will be accompanied by water and allow cation exchanges, while hydrophobic cations will be more attracted by the crystal than by water, seal the structure and prevent cation exchanges, as illustrated in Fig. 2 . Most minerals having more than 0.7 charges per Si 4 O 10 are K-saturated (muscovite and illite) and therefore non-expandable. The brucitic layer in chlorite (1 charge per Si 4 O 10 ) prevents any water intake or cation exchanges in the interlayer space.
Cation exchanges are key phenomena to understand the deviations from Archie's theory. The CEC of minerals is the sum of the so-called 'permanent CEC' (e.g. cation exchanges in the interlayer spaces for phyllosilicates; in the channels for zeolites) and the 'variable CEC' (cation exchanges on crystal edges). The variable CEC increases with the pH because a decrease of H + concentration in water causes a release of H + cations occupying external exchange sites. The permanent CEC is pH-independent (Lyklema 2001) . The total CEC of smectite, which includes 70-97 per cent of permanent CEC and the rest of variable CEC (Vogt & Köster 1978; Lagaly 1981) , is much higher than the total CEC of non-expandable phyllosilicates (see Table 1 ), where only the variable CEC contributes by definition. A linear correlation between the CEC and the smectite fraction was found by Hower & Mowatt (1966) in a series of smectite-illite samples, emphasizing that cation exchanges mostly take place in smectite. Aerial map of the Krafla high-temperature geothermal field. The caldera rim is marked with a black line. The four cored boreholes used in this study are marked in yellow: KH-01, KH-03, KH-05 and KH-06. A fifth borehole, K-18 is also shown for reference, as it has been used extensively for geophysical logging purposes. However, no core is available from it.
Bulk conductivity of water-saturated rocks
For a sinusoidal voltage U (t) = U 0 cos(ωt + ϕ 1 ) and current I (t) = I 0 cos(ωt + ϕ 2 ), the electrical impedance Z is given by U (t) = Z I (t). Due to the alternating character of the voltage and current, Z is a complex number and can be written in two different ways: (1) amplitude |Z| and phase θ ; (2) in-phase impedance Z' and quadrature impedance Z' (eq. 1).
The electrical conductivity is an intrinsic parameter independent of the geometry of the sample. The conductivity σ is calculated from the impedance Z, using the distance between electrodes, L, and the cross-sectional area of the cylinder, S (see the electrical cell in Fig. A1 ). Bouchet et al. (2000) and Ferrage (2016) . It results in the in-phase conductivity σ ' and the quadrature conductivity σ " (eq. 2).
We review here existing models for relating the bulk in-phase conductivity to the fluid conductivity in porous media containing clays. Assuming that the electrical current transported by counter ions associated with clays travels along the same tortuous path as current associated to ions in pore water, Waxman & Smits (1968) write the in-phase conductivity of a volume of rock (σ bulk ) as the sum of two parallel conductivities: free ions in pore water (σ w ) and ions exchanged with minerals from the solid matrix (σ s ).
where φ is the volume fraction occupied by water (the porosity), 1 − φ the volume fraction occupied by the solid matrix and F the formation factor. The product Fφ is called the 'tortuosity'. An expression of σ s is given in eq. (4), considering that all exchangeable ions in the solid contribute similarly to the solid conductivity:
where B is the mobility of exchangeable ions, V g , m g and ρ g the volume, mass and density of the solid 'grain' and CEC the charge available per unit mass of solid. By relating the CEC to the ratio Q v between charge available and volume of fluid available in the rock sample (eq. 5), the Waxman & Smits formulation is obtained (eq. 6). 
This linear equation is extensively used to describe the in-phase electrical behaviour of saturated rocks (e.g. Pezard , Revil et al. 2017a) . A deviation from this linear model was observed by Waxman & Smits (1968) for fluid conductivities lower than 5 S m −1 , especially for samples with high Q v . It was explained by an exponentially increasing mobility of exchange ions, associated with clays, with fluid conductivity:
where β is the maximum mobility of exchanged cations when σ w >> γ , α is determined by the mobility of exchange cations in theoretical deionized water and γ is determined by the rate of increase of mobility from β(1−α) to β. Measurements of Na + self-diffusion coefficients (Richman & Thomas 1956 ) confirm that the mobility of exchange ions increases with the fluid conductivity. Based on the model from eqs (6) and (7), with α, β and γ being constant, Vinegar & Waxman (1984) developed a complex conductivity model, where the quadrature conductivity, sensitive to 'delayed' conduction phenomena, accounts for accumulation (polarization) and relaxation of electrical charges at the interface between clay and pore water. The complex conductivity model by Vinegar & Waxman (1984) was not validated for Q v higher than 1 meq mL −1 (ratio charge to volume of fluid). They suggested that beyond this value, clay particles may be sufficiently connected to create a clay-conduction pathway, preventing any polarization to occur. Finally, a model where the dominant conduction path shifts from the pore space to the mineral-water interface (the so-called electrical double layer 'EDL'), as salinity decreases, was suggested by Revil et al. (1998) . In this model, the shift is responsible for the non-linear variations. This model was validated on the data set from Waxman & Smits (1968) , where the smectite content reaches 15 wt. per cent but was not tested on samples with higher smectite content.
M E T H O D S A N D M AT E R I A L S
Eighty-eight samples were collected from a variety of lithologies, alteration facies and depths ranging from 12 to 700 m, from four cored boreholes in the Krafla high-temperature area. The cores are cylinders with an average diameter of 4 cm. The host rock of the cores is composed of successive layers of hyaloclastite, pillow breccias, vesicular lava, basaltic intrusion and more sporadically rhyolitic intrusions (Guðmundsson 1991; Jónsson et al. 2003; Gautason et al. 2007 ). The alteration level varies from fully/very altered samples (mainly tuff and hyaloclastite) to almost fresh samples (silicic extrusives and basaltic dykes). Electrical and porosity measurements were made on cylindrical plugs, with average length of 30 mm and average diameter of 25 mm, taken from the core samples. The surrounding material of the cores were milled into powders (grain size <40 μm) for CEC determination and XRD mineral quantification.
As the main objective of this study is to compare mineralogical and petrophysical properties of the rock, the representativeness of powder samples is important. Although core samples are taken from homogeneous geological layers, variability of the mineral content can be expected throughout different sections of the cylindrical plugs.
Mineral quantification
A quantitative phase analysis of the X-ray diffraction (XRD) patterns was carried by the Rietveld refinement method using the BGMN software (Taut et al. 1998) . The powders were front-loaded onto the sample holder, using a razor blade to smoothen the surface, in order to avoid preferred orientations (see Bish & Reynolds (1989) ).
Cation exchange capacity
A protocol originally designed to measure the CEC on pure clay samples (Meier & Kahr 1999) using Copper-triethyletetramine(II) 'Cu-trien' was chosen to measure the CEC in this study. Kaufhold & Dohrmann (2003) suggested that the CEC of bentonites, measured by Cu-trien, is a measure of the smectite content in these bentonites. In samples containing zeolites, the CEC measurement may include a contribution from zeolites, but Meier & Kahr (1999) showed that the CEC of pure clinoptinolite is reduced from 160 meq/100 g, when measured with the classical ammonia method, to 5 meq/100 g, when measured by Cu-trien. Indeed the Cu-trien molecule is too big to fit in the channels of zeolites, as opposed to the ammonia molecule. The Cu-trien method is therefore adapted to measure the smectite content in altered volcanic samples. However, the low smectite content in our samples, compared to the two previously mentioned studies, required an adaptation of the protocol to obtain reliable CEC values. The adapted protocol developed by Lévy et al. (2016) was used for CEC measurements on the set of powders. The reacting solutions have a pH between 6.5 and 8.5 without using any pH buffer. This range is consistent with in situ pH values in most of Krafla area (Gudmundsson & Arnórsson 2002) . However, little pH dependency is expected here, due to the dominant contribution of the pH-independent permanent CEC of smectite. 
Porosity and density
The porosity and density were determined on saturated core samples using the 'Triple Weighting' method: the plug mass was first measured on dry samples (dried at 60
• C in an oven for 48 hr), then measured on saturated samples, and finally measured in immersed conditions. The plugs were saturated with low-salinity (about 100 μS cm −1 ), degassed water after evacuating air-filled pores in a vacuum chamber.
Electrical conductivity
Experimental device
Electrical impedance was acquired over a large spectrum of frequencies (from 0.001-0.1 Hz to 1 MHz) using a Solartron 1260 impedance meter. Two different experimental set-ups were used to measure the electrical conductivity: two-electrode set-up, where the sample is sandwiched between two metallic electrodes acting as current and voltage electrodes and a four-electrode set-up [following Vinegar & Waxman (1984) ], where the voltage and current electrodes are separated. In the four-electrode set-up, Nickel electrodes are used to inject the current and non-polarizable Ag/AgCl electrodes are used for voltage measurement. The contact between current electrodes and the sample is ensured by a fluid layer situated in-between (5 mm thick at each side). The fluid layer, which contains the same fluid as the sample, is responsible for an additional resistance, in series with the sample impedance. This additional resistance has been quantified as a function of fluid conductivity using several tubular samples of different lengths, similarly to the approach of Waxman & Smits (1968) . Although the four-electrode set-up improves the quality of the conductivity spectra, especially below 10 kHz, where effects of electrode polarization are removed, the values at 1 kHz for both set-ups are comparable [Figs 3(a) and (b)]. Indeed, from eq. (1), it can be seen that the real part of the impedance Z' is close to its modulus when θ is low. The relative difference between Z' and |Z | is less than 2 per cent when θ is less than 200 mrad, which is the maximum reached by the phase angle at 1 kHz on our samples. Therefore, we can assume that the in-phase conductivity at 1 kHz is negligibly affected by the phase and thus by polarization effects. In the following, we focus on the relationship between electrical conduction and smectite content and use only the in-phase conductivity data at 1 kHz.
Experimental procedure
Each core was saturated after evacuating air-filled pores in a vacuum chamber with electrolytes of different salinities, using aqueous NaCl solutions at different concentrations. After changing the salinity of the pore fluid, all the samples were kept together in the same fluid for at least one month in order to achieve rock/fluid equilibrium. Glover (2016) showed that the actual fluid conductivity in a sample can be up to 30 per cent higher than the conductivity of the soaking fluid for fluid conductivities between 0.01 and 0.1 S m −1 , up to 15 per cent higher for fluid conductivities between 0.1 and 1 S m −1 , and up to 5 per cent lower for fluid conductivities higher than 1 S m −1 , due to dissolution/precipitation reactions or incomplete saturation/homogenization. We use these percentages to calculate an uncertainty on the conductivity of the fluid saturating the sample. Two groups of samples were investigated. For Group 1, three series of measurements were performed in order to test the reproducibility of the measurements and possible hysteresis, following Waxman & Smits (1968) For Group 2, one series of measurement was performed between 0.05 and 11.1 S m −1 . The fluid conductivity in the Krafla geothermal system is about 0.07 S m −1 ), but covering a large range of fluid conductivities is necessary to analyse the relative influence of pore fluid and minerals on the bulk conductivity. For both groups, the data set from Run 1 is the richest and is therefore used in the rest of the study for both groups of samples (details in Table 2 ).
R E S U LT S
The measurements of CEC, porosity and mineralogy distribution are given in Table B1 .
The relation between CEC and the smectite content
In Fig. 4 , we compare the CEC using Cu-trien and the smectite content from XRD quantitative analysis using the Rietveld structure models. Due to the complexity of Rietveld refinements when several types of clays are involved (Bruno Lanson, private communication, 2017) , the XRD quantification of smectite content was only made for samples without chlorite. Additional measurements allowed us to verify the absence of contribution to the CEC from other mineral phases. The contribution of heulandites in our CEC measurements was assessed by a Cu-trien back titration of the exact same heulandites samples as used by Fridriksson et al. (2004) . The CEC measured for natural heulandite and Na-saturated heulandite are, respectively, 0.5 ± 0.2 and 1.5 ± 0.2 meq/100 g, that is 0.1-0.3 per cent of the total CEC measured by Fridriksson et al. (2004) . Given that other families of zeolites (e.g. laumontite) do not have the ability to exchange cations in their channels at all (Dyer 1991) , we conclude that the contribution of zeolites in our samples is negligible. The negligible contribution of high-temperature alteration minerals, including chlorite, to the CEC is shown in Table 3 . We consider that the contribution of interstratified smectite/chlorite 
Fluid conductivity (Run 3)
Fluid conductivity (Run 1) Figure 3 . In-phase (σ ') and quadrature (σ '') conductivity spectra of sample L22 for different fluid conductivities. (a) Four-electrode measurements and (b) two-electrode measurements. The data quality is much improved with the four-electrode set-up but the in-phase conductivities at 1 kHz measured by two and four electrodes are comparable at a given fluid conductivity. Only few measurements were available in Run 1 for the four-electrode set-up, therefore the measurements from Run 3 are shown here. minerals (e.g. corrensite) to the CEC is directly correlated to their smectite fraction, based on the results of Hower & Mowatt (1966) with smectite/illite mixed-layers series and the fact that the CEC of pure chlorite is lower than the CEC of illite. We finally assume that the CEC of other minerals present in the samples, and not mentioned in this section, is close to 0. The linear fit shown in Fig. 4 has a slope CEC 0 = 91 meq/100 g and a regression coefficient R 2 = 0.9457. We consider that CEC 0 is the CEC of pure smectite in our samples, which is consistent with the range 80-120 meq/100 g presented in Table 1 . In what follows, we use the following equation to calculate the smectite weight content in all samples: . Correlation between CEC, measured using Cu-trien, and smectite content determined by XRD for samples with smectite as the only clay mineral. Here, the unit meq/100 g is used for comparison with reference values listed in Table 1 . The SI unit is however C kg −1 with 1 meq/100 g = 964.85 C kg −1 . Notes: Chlorite is the only clay mineral in these samples (see also Table B1 ). Based on XRD mineral quantification of the chlorite phase, we calculate that the CEC of pure chlorite in the samples is lower than 6 ± 4 meq/100 g.
where m smectite and m g are the mass of smectite and the total mass of solid (the 'grain' mass) in the sample, respectively.
Analysis of electrical measurements
Electrical conductivity spectra were obtained for each sample saturated with six distinct saline solutions, with both the two-electrode and four-electrode set-ups, as shown in Fig. 3 . Only real conductivity values at 1 kHz are used here and available as Supporting Information. Reliable electrical measurements are inferred for 76 of the total 88 samples. Twelve samples show unreliable electrical measurements: L12a, L30, L35, L76, L81, L85, L104, L106, L108, L111, L112 and L117 (see four examples in Fig. A2 ). Their porosity ranges from 1 to 10 per cent (Table B1) and unreliable results are attributed to incomplete saturation of pores or lack of fluid/rock equilibrium (Glover 2016) .
From Runs 1 to 3, the bulk conductivity increases up to 50 per cent at a given fluid conductivity for samples with high smectite content (Fig. 5) . Non-repeatable measurements were also observed by Waxman & Smits (1968) until seven different saturations at high fluid conductivity were made. These authors suggested a very slow rehydration of montmorillonite after complete dehydration (following the encasing in epoxy resin) as a possible explanation. We suggest that the increased conductivity after repeated flushing with NaCl may also be due to a progressive replacement of exchange cations associated to smectite: Na + replaces Ca 2+ naturally present. Since Na + is more mobile than Ca 2+ , the electrical conductivity associated with smectite would increase after this replacement. However, specific measurements are needed to confirm this hypothesis.
Non-linear variations of the bulk conductivity with the fluid conductivity are observed for samples with high smectite content and are preserved from Runs 1 to 3 [Figs 5(c) and (d)], indicating that they are not due to a transient behaviour in Run 1. These non-linear variations were also observed by Waxman & Smits (1968) even after successive saturations allowing to reach a steady state. In what follows, data from Run 1 only are used.
A new model accounting for the observed non-linear behaviour and valid for our whole sample set, containing 0 to 50 wt per cent smectite, is needed. Reciprocally, our data set is useful to test existing and new models. First, the linear version of Waxman & Smits (1968) model is used to analyse the measurements of in-phase conductivity. This model (eq. 6 with B independent of the fluid conductivity), suggested by Rink & Schopper (1974) , was used by Flóvenz et al. (1985) , Pezard (1990) , Flóvenz et al. (2005) as well as Revil et al. (2017a) . The two constant parameters a 0 = 1/F and c 0 = BQ v /F are retrieved by least-squares fitting of eq. (9) ('Linear'):
We observe in Fig. 6 that eq. (9) fits well samples with low smectite content, but important deviations are observed for samples with high smectite content. About 30 per cent of the samples have high smectite content and are not correctly fitted with eq. (9). Next, the full version of Waxman & Smits (1968) model is used (eq. 10):
by combining eqs (6) and (7), with a 1 = 1/F, c 1 = βQ v and using α fixed to the average value 0.7. This equation ('Exponential') provides improved fit to the data (Fig. 6) . However, the γ parameter does not show any dependence to the smectite content. Finally, eq. (11) ('Power') is developed by adding an exponent to eq. (9) :
This is the closest non-linear function to the linear model. The physical meaning of a and c is similar to that of a 0 and c 0 . Eq. (11) allows an improved fit to the data (Fig. 6 ) and the b parameter depends on the smectite content: it is close to 1 for samples with low Q v and down to 0.4 for samples with high Q v (Fig. 7) .
The fitting parameters for Linear, Exponential and Power fits are listed in Table C1 . The parameters a, a 0 and a 1 follow an exponential relationship with the porosity. Similarly to the so-called 'formation factor' F, the inverse of these parameters can be approximated by the original Archie's law F = φ −m (Archie 1942) or by its modified form F = Aφ −m (Winsauer et al. 1952) . A discussion of these two empirical functions is given in Glover (2016) . Both functions do approximate the relationship between 1/a and φ (Fig. C1) . Parameters c, c 0 and c 1 increase linearly with Q v /F, similarly to the 'EDL conduction' (more details in Fig. C2 ). We also validated eq. (11) using electrical measurements on shaly sands by Waxman & Smits (1968) , on altered igneous rock from Iceland by Flóvenz et al. (2005) and on igneous rock from Hawaii with low alteration stage by Revil et al. (2017a) . For a given porosity, the shaly sandstones have a lower formation factor than igneous rocks [ Fig. 8(a) ] and for a given value of Q v /F, the shaly sandstones have a higher conductivity 'associated to clay' than igneous rocks [ Fig. 8(c) ]. These two differences between shaly sandstones and igneous rocks are possibly due to a better connectivity of both pore water and clays in permeable sandstones. Given the large scattering observed, the parameter c cannot be accurately predicted with the parameter Q v /F. The four data sets show the same dependence of b upon Q v [Fig. 8(b) ]; this confirms the role of smectite in the non-linear behaviours.
In the next section, we analyse further the dependence of the b parameter on the smectite content and build a phenomenological model which can explain the non-linear variations of bulk conductivity with fluid conductivity, as well as the dependence of this non-linearity upon the smectite content. 
From a new fitting function to a phenomenological model
where ρ smec is the average density of smectite minerals and CEC 0 ρ smec = 202 C cm compared to the conduction path across the fluid. This path only exists when a certain critical amount of smectite is present. The amount needed is a percolation threshold, similarly to the minimum porosity needed for water to percolate throughout an heterogeneous media (Gueguen & Dienes 1989) . This concept extends the idea developed by Douglas (1981) and Flóvenz et al. (1985) that continuity of smectite exists and can permit the volume conduction of smectite sheets. According to Vinegar & Waxman (1984) , eq. (5) is validated by their complex electrical measurements only for reservoir sands where the ratio between electrical charges and pore fluid Q v remains lower than 1 meq mL −1 = 96 C cm −3 . This threshold value is close to the value determined from Fig. 7 . These authors suggest that for Q v higher than 1 meq mL −1 , the clay-free zones become so short that no polarization occurs and a continuous clay conduction path is shaped.
Based on these observations, we present an 'Equivalent Circuit' function, corresponding to a new phenomenological model. Using an equivalent circuit representation of electrical conduction [ Fig. 9(a) ], the above-mentioned conduction path corresponds to an additional branch across the solid (pathway no. 3), added in parallel to the classical circuit (see e.g. Vinegar & Waxman 1984) composed of electrolytic conduction (pathway no. 1) in parallel to EDL conduction (pathway no. 2). The bulk conductivity corresponding to the three pathways in parallel is then given by: The conduction path across the solid need not to be continuous throughout the whole sample: provided that charge carriers are ions, this conduction path can be bridged by electrolytic conduction. The intra-solid conductivity, represented by solid and electrolyte in series, increases non-linearly with the electrolytic conductivity:
Here, X sol is the fraction of solid contributing to intra-solid conduction, σ sol is the intrisic conduction of the solid and X w is the fraction of electrolyte bridging solid conduction. The quantity of water accounted in X w is part of pathway no. 3 but not part of pathway no. 1. Indeed the cations conducting electricity in the connected porosity are already occupied by pathway no. 1 and cannot conduct electricity in the pathway no. 3. We name the parameter F = 1/X w the formation factor of the intra-solid pathway, by analogy with the formation factor of the connected porosity (pathway no. 1). Fig. 9(b) shows that eq. (15), which is a reformulation of eqs (13) and (14) represents well the behaviour observed in sample L31 (containing 32 wt per cent of smectite).
Here, a 2 = 1/F, b 2 = σ EDL , c 2 = X w = 1/F and d 2 = X sol σ sol . The bulk-fluid conductivity variations of the 76 samples with reliable electrical data were correctly fitted using eq. (15), named 'Equivalent circuit' (Fig. 6) . The four fitting parameters can be found in Table C1 for the whole sample set. While a 2 follows an exponential relationship to porosity, clear correlations between b 2 , c 2 and d 2 and other parameters, such as CEC, porosity and Q v are missing.
Despite this ambiguity about new parameters, we interpret the additional conduction as occurring through connected interfoliar spaces of smectite. Indeed this intra-solid conduction must respect three characteristics: (1) the charges transferred are ions to ensure that saline water can bridge the gaps, (2) high smectite content is required because the non-linear feature depends on the smectite content of the solid phase (Fig. 7) and (3) the free electrolyte path is interrupted when the solid is encountered because two distinct conductors are in series in the model. This additional path involves ions transfer without electrolyte. It therefore differs from EDL conduction. Moreover, the increasing mobility of exchange ions with salinity introduced by Waxman & Smits (1968) in the Exponential function does not describe a dependence of the non-linear effect to the smectite content.
Cations transfer through connected interfoliar spaces of smectite particles matches the three characteristics mentioned above, as illustrated in Fig. 9(c) . An example of smectite connectivity over a long distance is shown in Fig. 9(d) . We therefore name the intra-solid conduction 'interfoliar conduction' in what follows. Considering now that the solid fraction contributing to solid conduction is comprised of smectite interfoliar spaces, we have X sol = X smec , the volume fraction of smectite in the bulk rock which is connected to either smectite or water. The same smectite particle can contribute in parallel to EDL conduction (pathway no. 2, external edges involved) and to intra-smectite conduction (pathway no. 3, interfoliar spaces involved). Pathway no. 3 includes however more smectite particles than pathway no. 2: smectite in sealed fractures, altered glass or in replacement of plagioclases can only be part of pathway no. 3. If all smectite particles are connected,
. Finally, σ sol = σ smec is the intrisic conductivity of smectite interfoliar spaces. Given the shape of eq. (15), interfoliar conduction is more important than fluid conduction when σ w < |X smec (F − F)σ smec |, if F' < F (which is the case for most samples containing smectite). The values taken by this threshold vary between 0.1 and 10 S m −1 and increase with the smectite content. Therefore, for typical fluids found in geothermal systems, interfoliar conduction dominates in rocks presenting sufficient smectite connectivity (F' < F). This phenomenological model is a step forward to understand conduction processes in rocks where both the pore fluid and smectite sheets contribute to the total conduction along different pathways.
D I S C U S S I O N
Process of electrical conduction in smectite
Previous studies (Waxman & Smits 1968; Flóvenz et al. 2005; Revil et al. 2017a) emphasized that the CEC (or the Q v ) is a key parameter controlling the electrical conductivity of shaly sands and altered volcanic rocks, which is confirmed here. We showed that the CEC in altered volcanic rocks is mainly caused by cation exchanges associated with smectite. We explained that the CEC of smectite includes more than 70 per cent of interfoliar sites. A conduction process associated to mobile cations within interfoliar spaces was therefore considered to explain the high conductivity of smectite-rich samples, and a phenomenological model presented. This model suggests that a third pathway exists for ionic conduction, in addition to pore fluid and EDL conductions: intra-solid conduction through connected interfoliar spaces of smectite in the solid matrix. This model explains the non-linear behaviour found in smectite-rich samples and allows a better representation of experimental data than models having only pore fluid and EDL conductions. Interfoliar conduction does not involve a free electrolyte, but mobile cations hydrated by 2-3 water shells. Therefore, interfoliar conduction cannot be included in EDL models, which require a free electrolyte and only account for cations on external faces of phyllosilicates [see Lyklema (2001) and Leroy & Revil (2009)] .
Given the small crystal size of phyllosilicates such as smectite and illite, the external specific surface area (SSA) of these minerals is higher than in better-crystallized minerals. According to EDL models, the high CEC, and therefore the high conductivity of clay-rich materials, is explained solely by the high external SSA of clays (see e.g. Leroy & Revil 2009; Revil et al. 2017b) . However, since a large part of the CEC of smectite is located in the interlayer spaces (internal SSA), not on its external surface (Lagaly 1981) , the CEC and external SSA of smectite are not proportional [see e.g. Diamond & Kinter (1958) , Henn et al. (2001) , Paz-Ferreiro et al. (2013) ]. Accordingly, in the particular case of smectite-rich materials, high CEC and high electrical conductivity cannot be explained solely by a high external SSA. The interfoliar spaces (internal SSA) significantly contribute to cations transfer, which is taken into account in the phenomenological model presented here.
A behaviour of similar nature occurs for Li-ion transport in batteries, with smectite sheets being an analog to cobalt-oxide sheets (Howard et al. 2010) . In both cases, the removal of positive charge from the interlayer space is compensated; in our case by the constant supply of cations from surrounding smectite sheets and in the case of Li-ion batteries by the loss of electrons during cobalt oxidation.
Electrical conduction in other alteration minerals
We have assumed in this study that there were only two types of contributors to conductivity: the pore fluid and smectite sheets. However, altered igneous rocks contain other minerals, which are susceptible to conduct the electrical current. We briefly discuss here the possible contributions of zeolites and pyrite.
This study does not show a clear contribution of zeolites to electrical conductivity, which is consistent with other studies, e.g. with electrical logs in hole 504B of the Ocean Drilling Project (Pezard 1990) and with laboratory results of Revil et al. (2002) . Zeolites such as heulandite have a high CEC, as opposed to wairakite and laumontite (Table 1) , although it is not accounted for in the CEC measured by Cu-trien, as explained in Section 4.1. As a consequence, heulandite-type zeolites may have high intrinsic conductivity. However, heulandite tends to form large crystals and precipitate in bulk rather than in a continuous fashion, as opposed to smectite. This may explain why a contribution of heulandite to electrical conduction is not clearly seen, but electrical measurements on pure heulandite are necessary to advance further this question.
Sample L25 deviates from the trend of Fig. 7 . This can be explained by the presence of veined pyrite, which could be sufficiently connected to provide another conduction path [see e.g. Thommerel et al. (2002) ]. It is also common to observe electrical polarization associated to the presence of pyrite (Wong 1979) . Polarization is observed in samples containing a significant amount of pyrite (see Fig. 3 for sample L22) but the effect on the in-phase conductivity at 1 kHz is limited to less than 2 per cent of the total value (see Section 3.5.1.).
Upscaling laboratory results to geophysical interpretation
In this section, we address several obstacles, which need to be overcome before laboratory results can be exploited for geophysical applications, and in particular for geothermal exploration. First, we investigate to what extent the expression of bulk electrical conductivity can be simplified in order to calculate porosity and smectite content from field electrical measurements. Then, we show the limits of interpreting the mineralogy in terms of reservoir temperature. Finally, we compare the electrical resistivity values obtained in laboratory to resistivity values obtained by borehole logging in two of the boreholes.
Since electrical measurements in the field are made at the in situ fluid conductivity, it is impossible to use directly the functions presented in Sections 4.2 and 4.3. For fluid conductivities lower than 0.1 S m −1 (typical of the Krafla geothermal system), the term σ E DL in eq. (13) may represent the largest part of the bulk conductivity (see e.g. Fig. 9b ). Based on the semi-quantitative relationship between the parameter c and Q v /F suggested by Waxman & Smits (1968) and shown in Fig. C2 , eq. (16) presents a simplified function of smectite content and porosity describing the bulk conductivity, under the assumption that σ EDL σw F and σ EDL σ intra−solid .
We have three constants: CEC 0 = 91 ± 8 meq/100g = 88 ± 8 C · g −1 is the average CEC of pure smectite (Fig. 4) ; m = 2.3 is the exponent of Archie's approximation F = φ −m (Fig. C1) and B = (7.7 ± 0.7) · 10 −1 S · m −1 is a proportionality constant (Fig. 10 ).
Eq. (16) can predict, to some extent, the electrical conductivity measured in Krafla (Fig. 10) . Although eq. (16) cannot separate the effects of porosity and smectite content based on a single conductivity measurement, it can provide relevant information about porosity and formation factor in drill holes where electrical logs are measured and drill cuttings available for CEC measurements. Moreover, a general consistency between the quantity of alteration (using XRD quantification of the mineralogy) and porosity is observed for all samples (Fig. 11) , indicating that porosity and smectite content (one of the first alteration products) are not independent parameters. A possible explanation for this consistency is the lithological control on both the porosity and alteration quantity: while hyaloclastite are very porous and glassy (thus easily altered), intrusions have very low porosity and higher crystallinity (thus harder to alter).
However, two groups of outliers are evident in Fig. 10 , showing the limits of this simplified function. The samples circled in green contain 9-14wt. per cent pyrite, which is ignored in eq. (16). Electronic conduction throughout pyrite grains could be included in the term σ intra−solid if a contact between electronic and ionic conductions can be ensured at the pyrite/water interface. The samples circled in red contain little to no sulphide or iron oxide. The higher conductivity observed in these samples, compared to the general trend, can be explained by more connectivity of smectite particles, which is also a parameter ignored in eq. (16). A high connectivity indicates that smectite particles are rather distributed in a fracture network [see Fig. 9(d) ] than isolated in voids, which is valuable information for geothermal exploration. Next steps to gain a better understanding of these effects would be to measure independently the connectivity of smectite particles and to study the conduction processes associated to the presence of veined pyrite. Finally, in the range 0.03-0.1 S m −1 used here, the term σ intra−solid increases rapidly with fluid conductivity for samples with high smectite content (eq. 15). In these conditions, electrical conductivity may also be sensitive to slight variations of fluid composition. The boundary between smectite and chlorite is often used as a geotherm (see e.g. Kristmannsdóttir 1979 ) because thermodynamics predicts two distinct stability domains for chlorite and smectite, controlled by the temperature and at a smaller scale, the fluid/mineral chemistry (Vidal et al. 2012) . In diagenetic smectite-chlorite series, discrete smectite is indeed found in the range of temperature predicted by thermodynamics, i.e. 80-180
• C, while chlorite dominates at higher temperatures (Beaufort et al. 2015) . However, in active volcanic systems such as Chipilapa (El Salvador) and Milos (Greece), smectite is observed at temperature higher than 300
• C by Beaufort et al. (1995) , while in Icelandic volcanic systems, discrete chlorite only appears above 270 & Fridleifsson 1991) . These studies therefore indicate that care must be taken when inferring absolute temperature values. Our set of samples confirms some discrepancy between theoretical equilibrium temperature based on mineral assemblages and actual temperature measured in situ. The temperature profiles of the four boreholes are presented in Fig. 12 . The temperature in KH3 is low: mainly 10
• C and increasing to 40
• C at the bottom, while the temperature in KH6 is high: 220
• C at 500 m depth. The temperatures in KH1 and KH5 are intermediate. The distribution of minerals in these boreholes (as quantified by XRD on each sample), also shown in Fig. 12 , is different from what would be expected if the system was at an equilibrium. In KH6, smectite is found at temperatures up to 220 • C. In KH5, 'high-temperature' alteration minerals (epidote, actinolite, wairakite) are found in horizons where the temperature does not exceed 150
In KH3, large amounts of chlorite are found in horizons where the temperature does not exceed 10 • C: chlorite was most likely formed at an earlier stage, when the temperature was superior to 200 • C. In KH1, wairakite and chlorite are found in large amount in sample L25, whereas the two neighboring samples with similar temperature (L24-7m above and L26-6m below) do not contain any of these minerals. The distribution of minerals can, therefore, not be directly interpreted in terms of the present temperature of the system. Resistivity values from borehole logs (using a 16/64 tool: measurements made with 16 and 64 inches spacing between electrodes) and from laboratory experiments on cores are compared on Fig. 13 for boreholes KH1 and KH3. The laboratory measurements were performed at 22
• C and the fluid conductivity used for the comparison is in the range 0.03-0.07 S m −1 . No borehole logs were available in KH5 and KH6.
A correction is made to account for the effects of the temperature in the borehole measurements, using the temperature presented in Fig. 12 and eq. (17) .
where T and T 0 are the actual and reference temperature, respectively, and α T 0 is the correction coefficient, which varies with the reference temperature T 0 and the type of medium conducting the electrical current. The two coefficients α T 0 ,fluid = 0.023
used by Kulenkampff et al. (2005) , based on calculations by Revil et al. (1998) for T 0 = 25 • C, are tested here. The largest corrections, using α T 0 ,clay , are presented in Fig. 13 .
Corrections in KH3 are small and laboratory data are consistent with borehole data. In KH1 the correction of the borehole data has an important effect. Although the correction is overestimated in Fig. 13 , the corrected resistivity logs do not reach the higher resistivity values found in laboratory data. Most of the relative variations are well preserved (at 50, 70 and 140 m), despite a slight depth shift. The relative variations of the laboratory resistivity are larger (higher peaks and lower lows) than those of the borehole logs. This can be explained by the averaging inherent to the logging tool, while core measurements are made more locally. The difference of an order of magnitude between the baselines of laboratory and borehole resistivity, especially at deeper levels, needs to be investigated. A systematic bias in the measurement by the 16/64 tool, for example due to conductive lead in the tool, may be a cause for this shift.
How can these results be useful for geothermal exploration?
Although alteration minerals should not be used directly as a temperature index, the presence of smectite (outside the shallow 'clay cap', where smectite is thermodynamically stable), especially connected smectite, gives valuable information about the status of the system such as boiling, recent fault opening or chemical disequilibrium. Indeed Beaufort et al. (1995) show a strong correlation between the presence of smectite and horizons with highly active hydrothermal circulations. This correlation was also confirmed by Patrier et al. (1996) . In borehole KH6 at Krafla, a strong temperature gradient is observed at 350 m. An intense circulation of hydrothermal fluids at this depth is likely and could have caused the formation of connected smectite in a fracture network. This would explain the high conductivity in sample L110 (depth: 356 m), the most striking outlier in Fig. 10 . Detecting the presence of connected smectite with electrical soundings is, therefore, interesting for understanding the dynamics of hydrothermal systems.
C O N C L U S I O N S
We show that:
(1) CEC measurements using Cu-trien provide a reliable measure of the weight fraction of smectite sheets in altered volcanic samples containing up to 15 different minerals, including zeolites, chlorite and corrensite. Our results extend the result of Kaufhold & Dohrmann (2003) , who suggested that CEC using Cu-trien is proportional to smectite content in bentonites.
(2) Samples containing a high amount of smectite sheets show an important deviation from a linear relationship between bulk conductivity and pore fluid conductivity. A power function with three free parameters is suggested here. It approaches a linear relationship when the amount of smectite is low. A new parameter b, used as an exponent to the fluid conductivity, is close to 1 for samples where the ratio between smectite sheets and volume of fluid is less than 25 per cent and decreases for samples with higher ratio.
(3) This non-linear behaviour is interpreted to originate from a conduction pathway in addition to pathways involving pore fluid and crystal edges (EDL). A conceptual model is suggested: cations cross the solid lattice through connected interfoliar spaces of smectite sheets. A new model, corresponding to the sum of the three pathways in parallel, fits the whole dataset.
(4) The bulk conductivity at low fluid conductivity can be semi-quantitatively approximated by a function of porosity and smectite quantity, in the absence of highly connected smectite and/or pyrite. However, small variations in fluid conductivity can significantly affect the bulk conductivity if a large amount of smectite is present.
This study provides improved understanding of electrical conduction in smectite-rich rocks: electrical conduction through interfoliar spaces of smectite sheets is a physical process that can explain our observations. Further measurements can provide more details on this process, and its importance and relevance amongst other conduction processes.
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